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ABSTRACT

The main objective of the paper is to present the main criteria for the selection of carbon fiber composite
materials for fighter aircraft. Nowadays, more than ever, customers for fighter aircraft demands a highly
maneuverable, agile aircraft that is reliable and easy to maintain. Composite materials are, besides metal
alloys, the most important materials for aerospace application. Application of carbon fiber thermosets as
airframe materials offersa significant weight and cost reductions in manufacturing process. In the last
decades, such materials overcome more than 15% and 50% of the structural weight of civil and military
aircraft, respectively. Weak points in the basic materials, i.e. fiber (strain, stiffness) and resin (low-
viscosity) are now well known and improvements led to a new generation of carbon fiber composites.
Several suppliers are offering in their chemical composition, mechanical properties and processing. This
paper describes the selection criteria based on fighter aircraft components with respect to design and
manufacturing requirements and presents a comparison of different carbon fiber composites.
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1. INTRODUCTION

Previous research has documented, that fighter aircraft usually drive new technologies because of
their special requirements. Demand for the lightweight material from industry has grown
significantly in the years. Nowadays, the use of composite materials overcomes more than 50%
[1], while offer many advantages such as high strength and stiffness to weight ratios, excellent
fatigue properties and corrosion resistance are concerned [2]. For instance, carbon fibers have the
highest specific strength, stiffness and Young's modulus [3]. The density is 1.75 kg/dm3 with a
single diameter of 5-15 um. [4]. Generally, lightweight structures provide increased payload,
improved agility, short take-off, long range missions and high maneuverable capabilities.
Reviewing subsequent and more recent literature,composite materials were first introduced in
military aircrafts in the 1960s and later extended to the civil aircraft applications in the 1970s [5,
6]. However, it took 30 years for the utilization of composites in the primary applications.

To the author’s knowledge, it has been demonstrated by the structural composite components that
typical weight savings of 15-20% can be achieved compared to equivalent aluminum designs
(integrated design and optimization). Therefore, in some cases, the application of components has
led to significant increase in part cost. The increased applications of carbon fiber thermosets
starting with secondary structures, control surfaces and later with wing and primary fuselage
structures have proven that almost all structured aircraft parts can be built from these materials
and that the expected benefits can be achieved. This experience justifies the increase utilized for
the next generation of modern aircraft. In order to reduce cost and weight of the aircraft,
thermoplastic materials were used, which are more expensive than metals because of their
advanced properties. It is difficult to reduce the price of raw materials and therefore it is
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considered easier to lower the costs in manufacturing processes [2, 7]. There is a high
development process towards new carbon fiber types with improved stiffness and strength.
Carbon fibers are manufactured from rayon, polyacrylonitrile (PAN) and petroleum pitch. When
it is manufactured from rayon and PAN, the starting point of the carbon fiber process is textile
fibers. The fiber manufacture method may be solution or melt spinning [8].Furthermore, modern
aircraft structures are accordingly built of thin layers of pre-impregnated fibers stacked to
laminates. The fibers in the thin layers are usually uni-directional (UD) carbon fibers matrix or
woven fabric pre-impregnated with a polymer resin. Both woven fabrics and UD matrices are
used in the manufacturing industry of aircraft structures. Due to the opportunities for automation
and costs, UD pre-preg materials are often chosen. Methods such as Automated tape lay (ATL)
and Advanced Fiber Placement (AFP), were usually used in industries, produces high cost
components. Several publications have appeared in recent years documented to such methods by
many researchers [9-14].

The fiber volume content of UD prepreg materials use for commercial aircraft is in the range of
55 — 57 volume percent. When cured under heat and pressure, they form ultimate strong and
lightweight composite parts [15]. For aero structure components, pre-preg technology seems to be
relevant even in the future due to lack of reliable technologies [16]. This type of technology
offers the highest mass specific stiffness and strength compared to other composite technologies.
For instance, boron reinforced epoxy composite was used for the skins of the empennages of the
U.S. F-14 and F-15 fighters [17, 18]. The percentage of structural weight of composites used in
manufacturing was very small, 2% in the F-15 [18]. However, the percentage has grown
considerably, through 19% in the F-18 up to 24% in the F-22 [18, 19].

Such materials are also used in Eurofighter Typhoon. The wing skins, forward fuselage, flaperons
and rudder all make use of composites. As shown in Fig. 1, toughened epoxy skins constitute
about 75% of the exterior surface [20]. On the other hand, the use of composite materials is not
privilege of fighter aircraft. The first significant use of composite material in a commercial
aircraft was by Airbus in 1983 in the rudder of the A300 and A310, and then in 1985 in the
vertical tail [21].

Composites are widespread interest for transportation applications due to the high specific
stiffness and strength, while the manufacturing process offers a lighter product. As an effect of
the lower weight, the fuel consumption can be reduced,as well as, the emissions [22]. It has been
found, that an extra kilogram in an airliner requires 130 liters of fuel per year. In general terms,
spend money to increase range or payload, rather to spend money to fuel. The increased
application of carbon fiber thermosets starting with secondary structures, control surfaces and
later with wing and primary fuselage structures has proven that almost all structural aircraft parts
can be built from these materials and that the expected benefits can be achieved.This experience
justifies the increase of composite utilization for the next generation of modern aircraft (fig. 1).

It can be expected that carbon fiber composites will be used to an extent that almost all the wetted
area and about 40% of the structural weight will be made from carbon fiber composite.The
constant demand for improved performance in the development of new fighter aircraft requires
substantial weight reductions in the load carrying structure. Besides improvements in the design
techniques (e.g. integrated design, optimization), carbon fiber composites together with more
efficient construction methods offer a significant weight saving potential. This study describes the
criteria of the selection of carbon fibers composites for fighter aircrafts, in order to select the most
suitable with respect to weight, strength and cost, a thorough knowledge of the requirements.
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Figure 1. Material breakdown of Eurofighter Typhoon.

2. AIRCRAFT STRUCTURES: STRESSING CRITERIA

Carbon fiber composite materials are used extensivelyin many modern fighter aircrafts, such as
Lockheed Martin F-35 Lightning, Eurofighter, Rafael and Saab Gripen.Carbon fiber materials are
among the most widely usedin various elements of load-bearing structure of aircraft, such as, (1)
wing skin; (2) flaperons; (3) vertical stabilizer; (4) fuselage; and tailplane [22-25]. Eurofighter
Typhoon, about 40% of the structural weight is carbon fibre reinforced composite material (figure
1). Weight savings may increase payload-range capability, provide the opportunity to downsize
subsystems at a constant performance level, or allow for better fuel efficiencies. Another example
is the American fifth-generation fighter F/A-22, the world's most advanced aircraft, uses
composite materials in the most important parts of the fuselage, wings, and tail. In fact, titanium
alloy makes up 40% of the total weight of this military aircraft, and composite materials make up
34% [26]. These areas are responsible for aerodynamic lift. Moreover, the structural strength and
durability of these composites prompted the development of other aircraft components. The
stealth aircrafts today are made of carbon fiber reinforced polymers because of the superior
properties of carbon fibers that help reducing heat radiation and radar reflections [27]. Figure 2
depictsthe CFC-wing intended for the Eurofighter, which is attached to the fuselage by bending
and shear fittings. The torsion box consists of the load carrying skins and the shear carrying spars
and ribs which are bonded to the lower skins.
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Figure 2. Strength criteria for a carbon fiber composite wing.

Providing performance guarantees of the structure, the main criteria for the box design must be
assured. Mechanical properties of the carbon fiber composite, such as, high tensile and
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compressive elastic modulus, high notched tensile and notched compressive strength of the
carbon fiber composite, offershigh flaperon efficiency, sufficient buckling stability of skins and
spar webs, as well as, high bearing strength for load introductions [28, 29]. Figure 3 shows a
typical of the structure of the front fuselage in the cockpit area and it demonstrates how here too
the same criteria as for the wing are mainly valid.

(" Notched Tension Strength

Buckling Stability

/ Notched Compression
Strength

Notched Compression Strength

Figure 3. Typical section of carbon fiber fuselage.

During manufacture or service, the structure is generally prone to foreign object damage, which
may generate barely visible delamination’s in the carbon fiber composite and which may lead to a
reduction of compression strength. Coats et al.[30] and Hintze et al.[31] have demonstrated that
delamination can proceed at different processes, mainly as a result of impact damage. In this case,
delamination cannot usually be detected from the impacted face. It has been found that,
delamination considerably reduces compressive properties since the structure behaves as a series
of thin struts rather than the original thick section [32, 33].

Compression after impact strength is another important requirement concerning stressing.The Fig.
4 presents the reduction of the compressive strength of delaminated specimen as the initial
delamination area increases. The larger the hole, the higher the stressed region surrounding the
hole, which reduces the strength of the material due to flaw.This can be explained by the failure
modes [34-37]. When compressive loads are applied to the test specimen of smaller delamination
area, the delamination will grow and induce local buckling and failure [38-39]. As CFC-laminates
are very susceptible to notches in relation to static strength, unlike metallic materials, is elastic to
failure and therefore local yielding around notches (bolt holes, cut-outs, etc.) cannot take place
(Fig. 5). The laminate notched strength is affected by notch size [40, 41].

In a notched quasi-isotropic laminate, local buckling may occur, which leads to premature
fracture [41]. Therefore, the main dimensioning criteria for the airframe structure of a fighter
aircraft made of CFC are, tensile and compressive elastic modulus, notched tensile and
compressive strength and compression-after impact strength (CAl). Moreover, the strength
reduction in open hole compression is not as severe as in tension, possibly because the neat
compression strength itself is significantly less than in the tension and already accounts for some
of the strength reducing features in compressive state of stress [42]. Furthermore, in a humid
environment, the matrix material absorbs moisture and degrades, giving less support to the fibers.
Some of the above properties degrade with moisture and temperature, the worst combination of
dry/wet condition and cold/hot environment has to be considered [43, 44]. This assumes that the
part will be fully saturated with moisture and operating at elevated temperature. Nowadays, such
properties are investigated in order that weight savings can be optimized.
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Figure 4. Compression after impact strength vs. initial delamination area.
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Figure 5. Notched tension strength of a carbon fiber composite laminate

If the manufacturing requirements are met, a final evaluation of the different semi-finished
products can be carried out only by looking at the total structural weight implications. Therefore,
all aircraft components made from carbon fiber composites (e.g. wing, fuselage, fin) have been
preliminary stressed and the contribution of the above properties to the overall composite
structural weight is given as follows:

Tensile modulus 0° = 7%

Compressive modulus 0° = 40%

Open hole tension strength = 15%
Filled hole compressive strength = 22%
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e Bearing strength = 11%
e Compression after impact strength = 5%

3. STRENGTH REQUIREMENTS FOR CARBON FIBER COMPOSITES

Carbon fibers of the first generation, when introduced to the airframe construction of airplanes,
were characterized by high specific elastic modulus and by high specific strength, whereas
elongation at failure was relatively low (at about 1%). Carbon fibre composites offer many
advantages compared with conventional metallic materials as aluminum and titanium. The main
advantage of the use of composites in aerospace applications is the resultant weight reduction.
For instance, by replacing aluminum alloy with carbon fiber reinforcement composite, the weight
can be reduced 12% [45]. This weight saving may be used to reduce fuel consumption or increase
the payload, maneuverability and speed [46]. Additional benefits include the superior fatigue and
corrosion resistance of composites and their vibration damping properties. Meanwhile an increase
of strength fig. 6, for carbon fibers was achieved by: (1) higher purity and reduction of weak
points of the uncarbonized fibers; (2) improved manufacturing tolerances and higher straining
during production of the fibers.
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Figure 6. Development of carbon fibers.

The shortfalls of the original epoxy resins were relatively high moisture absorption, (Fig. 7) and
sensitivity to temperature in the presence of moisture, (Fig. 8), leading to a premature softening of
the matrix (reduces the glass transition temperature). For wet conditions(70°C/85% RH, fig. 7),
T300/914 gains more weight in a less time. Although, both composite materials shown Fickian
diffusion behavior with the mass increasing with the exposure time, until composites become
saturated with water. Generally, moisture increases the flexibility and ductility of resin/adhesive
[47] and decreases elastic modulus and strength [48-51].Therefore, it is not allowed to confer the
high compression strength of carbon fiber composite. However, in certain polymers, positive
moisture effect could be observed. In fact, if the loss of low molecular weight substances in the
polymer upon water absorption is more significant than water plasticization effect (depresses the
glass transition temperature), the elastic modulus upon moisture ageing can be increased [52].
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Figure 7. Moisture uptake of first- and second-generation epoxy resins.
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Figure 8. Temperature behavior of different carbon fiber composite materials (Glass transition
temperature-Test Wet).

Moisture induces swelling, which means that residual stresses are modified in addition to the
thermal stresses produced during curing process of the composite material [53]. As for the shear
storage modulus, is also a function of moisture content. Shear modulus is starting to decrease
between 90-120°C (fig. 8). The wetted test samples are tested at moisture barrier bag, while the
results were validated with the torsion pendulum technique.
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4. MANUFACTURING REQUIREMENTS AND PROCESSES FOR CFC

In order to improve CFC, new manufacturing processes must be developed. Part and assembly
should be optimized, to assure the minimum cost and reliability of the structure. In aircraft
industry, there is a high demand for lowering fuel consumption [54, 55] and environmental
impact [56]. Weight reductions must be achieved in a cost-effective way, and this is only
achievable by a considerable communication between designers and manufacturing engineers,
which may act as a unit [57, 58]. Although, there must be also a considerable reduction of the
number of detail parts (and fasteners) [59]. The properties of a composite part depend not only on
the constituent materials, but also the processes used to consolidate them into final parts for
assembly. The processes (manufacturing techniques) depend on the basis of chemical properties,
and are distinguished, mainly in three different categories, (1) semi-finished fabrication; (2) open
forming (layup, spray up, filament winding, pultrusion, automated fiber placement, curing); and
(3) closed forming (injection molding, resin transfer molding, vacuum assisted resin infusion,
compression molding). During manufacturing process, voids and shrinkage must be avoided.
Voids and porosity are one of the most critical problems during the manufacturing process [60,
61].

It is proposed, thatprimary structures (wings, fuselage) must be resistant to fatigue and
environmental effects (expensive materials). These two properties increase the cost of
manufacturing process. On the other hand, in secondary structures may be used cheaper materials
and quicker manufacturing processes. Components such as wings must be meet strenuous
stiffness and strength needs by controlling the orientation of the fibers with respect to the design
loads [62].

Prepreg carbon fiber composites are used mostly in aviation industry, because of their advance
properties. In order to achieve that, hot melt process, as well as, solvent dip process, were used.
The first one, is a two-stage process (a) pre-lamination of a substrate paper; and (b) impregnation
of the fibers. In the second process, the solvent content could be reduced, as the impregnated
reinforcement passes through a heating oven.

5. USeErUL COMPARISONS AMONG DIFFERENT SUPPLIERS FOR CFC-
PREPREGS

The reliability of the airframe structure of the aircraft depend mainly on the structure and the
material properties. Carbon fibers usually are classified in categories, as ultra-high modulus
(UHM>450GPa), high modulus (HM between 350-450GPa), intermediate modulus (IM between
200-350GPa), low modulus (100GPa, tensile strength>3GPa) and super high tensile (tensile
strength>4.5GPa) [63, 64, 65].

Suppliers offered their prepregs with intermediate modulus carbon fibers (table 1). A non-
optimum fiber translation is quite difficult to obtain, because of a different microstructure, which
depends on the precursors and processing conditions. In the literature there are many different
models [66-71]. It should be noted, that carbon fibers based on precursors fiber materials can be
classified, as Rayon-based carbon fibers, Isotropic pitch-based carbon fibers, Gas-phase-grown
carbon fibers, Mesophase pitch-based carbon fibers, as well as, PAN-based carbon fibers, and
Pitch-based carbon fibers (fig. 9).

Finally, according to final heat treatment temperature, carbon fibers are classified into three
classes: (1) Type-l, high-heat-treatment carbon fibers (HTT); (2) Type-ll, intermediate-heat-
treatment carbon fibers (IHT); (3) Type-lll, low-heat-treatment carbon fibers [55-59]. These
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properties also depend upon precursor, and processing technology. However, suppliers may help
customers to reduce manufacturing time and cost-effectiveness, as well as, to improve efficiency
and performance of the structures. Composites materials must be designed foruse in highly
demanding environments.

Grade Tensile Modulus ~ Tensile Strength  Country of
(GPa) (GPa) Manufacture
T800 294 5.94 France/Japan
M30S 294 5.49 France
IMS 295 4.12/5.5 Japan
MR40/MR50 289 4.4/5.1 Japan
IM6/IM7 303 5.1/5.3 USA
IM9 310 5.3 USA
T650-42 290 4.82 USA
T40 290 5.65 USA

Table 1. Strength and modulus of commercial PAN-based Carbon Fibers (intermediate modulus 265-
320GPa) [72].
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Figure 9. Tensile modulus vs. compression strength for two types of precursors.

6. SUMMARY AND CONCLUSIONS

Even though carbon fiber reinforced composites are becoming competitive and cost effective
compared to metals, advancedtechnologies must be developed to reducemanufacturing time,
while improving efficiency and cost-effectiveness, compared to metal components. Composites
materials must be designed foruse in highly demanding environments and should be resistant to
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fatigue.Minimal defects improve the quality of the product. Carbon fiber composites have very
light weight, providing high strength to weight ratio, but the mechanical properties depend on
several factors, such as, the stacking sequence, and the ply thickness.In aviation industry, by
selecting the best suited material a weight saving between 2.7 and 5.6% of the carbon fiber
composite structure weight of a modern fighter aircraft can be achieved. Moisture absorption is
another important issue, which leads a premature softening of the matrix. Further on, reduces the
strength of the material. Further work needs to be done to establish that fiber thermosets will be
used as structural material for modern fighter aircrafts to a large extent.
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